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The main objective of this study consisted of developing a new type of
amperometric sensorsbasedondepositinggoldnanoparticlesobtained from two
different synthetic routes (thermal and ultrasonicmethods) on the surface of a
SonogelͲCarbonmatrix,inordertobuildelectrochemicaldevices.
UVͲvisible spectroscopy was employed to study the time stability of the gold
nanoparticles,withtheaimofcomparingbetweenthetwosyntheses.Asexpected
fromtheoreticalconsiderationsbothtypesofgoldnanoparticlesshowedonepeak
at525nm corresponding to the surfaceplasmon resonanceeffect typicalof this
kindofnanomaterials.
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)were used to
investigate electrochemical behaviour of AuNPsͲmodified SonogelͲCarbon
electrodesatdifferentconfigurationswiththeaimofcomparingtheirperformance.




Differential pulse voltammetry under optimized conditions showed good
reproducibility and repeatability towards ascorbic acid. The detection and
quantificationlimitswerealsodetermined.
The AuNPsͲmodified SonogelͲCarbon electrodes and unmodified SonogelͲCarbon
electrodeswerestructurallycharacterizedwithOpticalMicroscopy(OM),Scanning
Electron Microscopy (SEM) and XͲray Energy Dispersive Spectroscopy (EDS).











The main objective of this research work consists of learning to manufacture
carbonͲbasedelectrochemicalsensordevices,modifiedwithmetalnanoparticlesin
order to characterize the sensor devices structurally (on its surface) and
electrochemically,usingdifferenttechniquesforeachpurpose.Theresearchstudy
includes the first attempts for the application of the amperometric sensors
developedthroughoutthisresearchworktorealsamples.
Thegoalstobeachievedwiththislineofresearchare:
Ͳ First of all, to compare two different syntheses of gold nanoparticles in




Ͳ In third place, to characterize these new gold nanoparticlesͲmodified
amperometricsensorsbothelectrochemicallyandstructurally.
Ͳ And finally, to test the performance of these electrodes at different
configurations when determining certain analyte, namely ascorbic acid.





may be assembled and organised to yield nanodevices and nanosystems that
possessneworimprovedproperties.

Becauseof their small size,nanomaterialshaveuniqueproperties.Theirphysical,
chemical,andmechanicalpropertiesaredifferent from thepropertiesofordinary




compositions, shapes, and optical and electrical properties. Nanomaterials are
exceptionallystrong,hard,malleableathigh temperatures,andchemicallyactive.
All physical and chemical properties are size dependent, and the properties of
materials on the nanosize scale have important consequences in wide ranging
fields.Exploitingnanoscalebehaviorwilleventuallyleadtodevelopmentofdevices






Nowadays, themanufacture and application of graphite based solͲgel electrodes
have attracted significant interest and importance in the bid to establish
alternatives to other solid electrodes [3Ͳ7]. Meritorious features include high
conductivity, relative chemical inertness, good mechanical properties, physical




respond directly to a broad group of organic compounds and variousmetal ions
which,alongwith thepropertiesmentioned,makes themverysuitable foruseas
electrochemicalsensors.

Inaddition,theproceduredeveloped forthe fabricationoftheelectrodes iseasy;
bysimplyaddinggraphitetotheprecursorssolution,conductivityisconferredtoit
and themixture is readilymalleable, so that any configuration can be virtually
obtained. Furthermore, there is also the opportunity to tailor the structures by
controlling the chemistryof the solͲgelprocess, thus yieldingmaterialswith very







The solͲgelprocess isawetͲchemical technique starting fromachemical solution
which acts as the precursor for an integratednetwork (or gel) of eitherdiscrete
particles or network polymers. Typical precursors aremetal alkoxides andmetal
chlorides, which undergo various forms of hydrolysis and polycondensation
reactions. The formation of ametal oxide involves connecting themetal centers
withoxo(MͲOͲM)orhydroxo(MͲOHͲM)bridges,thereforegeneratingmetalͲoxoor
metalͲhydroxopolymersinsolution.Thus,thesolevolvestowardstheformationof





regions, results in a suspension of colloidal particles called sol. The
polycondensationoftheparticlesincreasestheinterͲconnectionbetweenthem,so
that theviscosity increases rapidlyand leads to the formationofa rigidnetwork,
calledwetpolymergel,consistingessentiallyofsiloxaneunits(SiO );inmostcases,2
unitsareconnectedbyoxygenbridges.
The early stages of hydrolysis and polymerization produces alcohol and water,




entire volume of the solid is interconnected, the gel structure and properties
continue to evolve as there is solvent in the pores and the gel remainswet. In
addition, polycondensation reactions continue occurring, thereby extending the
crossover.
Asaresult,dynamicway,thegelundergoesaprogressivespontaneouscontraction,





generated during the process are retained on the network during gelation.
Therefore, a gel aging can be defined as a vitreous material with an internal
aqueoussolidͲphase.
Oncethisgelgetaging,theyaresubjectedtoamildheattreatment(generallyless




The solͲgelprocess canbe classified in threemain stages from chemicalpointof
view:
1.Preparationofthesol:colloidaldispersionofparticlesinaliquid.
2. Gelification of the sol: this step results in a rigid network of interͲconnected
microscopicporesandpolymerchains.
3.Removalofsolventinthenetwork:atthisstage,asolidcondensateisobtained.
All theaboveprocess takesplaceat room temperature,which isoneof themain
characteristicsofthistypeofsyntheticroute.
Asa result,differentspeciescanbe introducedduring the firststage,even in the





to avoid the gaps that may remain, what is relatively complicated, taking into
account the high viscosity of the sol and the small diameter of the capillary;
however,properdistributionofthesolͲgelalongtheglasstubeisensured.







the electrode are removed using fine grit sandpaper. If the excess is large, first
coarsesandpapercanbeusedtoacceleratetheprocessandsubsequentlythefine
grain one. Then the resulting surface is rubbedwith a glossy paper placed on a
smooth surface.Thus, the surface ispolished (shinyand smooth).With regard to
electrical contact (Cuwire), it is set once thematerial is hardened, ensuring its
perfectimmobilization.
1.5. FactorsaffectingthesolͲgelprocess.
The microstructure of a material obtained by solͲgel process depends on the
interactionofa largenumberofprocessparameters,andvariationofmore than
one simultaneously can lead to results quite complex. In general, the most
importantfactorsarethosethatinfluencetheratesofhydrolysisandcondensation,
sinceduringthesestages,whichoriginatesthesol,areestablished,somehow,the
final factors thatwill influence thegel.These factorshavebeenstudied inearlier
worksandarelistedbelow.















emulsion formation, based on the use of high power ultrasounds and/or low





Applyingultrasound in immisciblesystemscanexpandthe interfacebetweenboth
phases significantly, facilitating the exchange ofmolecules between them, thus
obtaining extremely fine emulsions. The application of ultrasonic to precursor
alkoxideͲwatermixture that is immiscible in thepresenceofanacidcatalyst isan
alternative to synthesize different gels,without solvents, called sonocatalysis. By
using this method materials are obtained with different characteristics, called
sonogels[23].
The ultrasonicwaveswill act on the liquidͲliquid interface of the alkoxideͲwater
mixturewhichresults intheformationofbubblesdissolved inthe liquid,reaching
extremesofpressures and temperatures (in thebubbles).During the collapseof
these bubbles produced by hydrolysis, a homogeneous liquid is yielded which
subsequentlypolymerizetoformthegel.
The cavitation induced by the use of ultrasounds, togetherwith the absence of
solvent,constitutesanexceptionalsetforachievingthesolͲgelprocess,resultingin
the existence of specificity in sonogels such as: high density fine texture, and
homogeneousstructure,amongothers.
Forthepreparationofasonogel,hydrolysisoftheprecursormixtureisdone;thenit
is subjected toultrasonicwaves inanopenglasscontainer.For thispurpose, the
simplestandmostaccessibleequipmentwouldbeanultrasonicbath.However, it
hasthedisadvantagethatthepowerdeliveredbythedevicevariesdependingon
the sizeof thebath, the reaction vesseland itspositionwithin thebath, so that





Withoutdoubt, themost effectivemethod for transmittingultrasound energy to
themixisthedirectimmersionofaprobeintotheliquidreactant.Thefunctionof
this probe is to amplify the vibrational movement originated in the generator
(whichisofteninsufficientforpracticalcases).Thematerialforthemanufactureof
acousticsensorsisatitaniumalloy.Thankstothisthedirectimmersionoftheprobe
into the reaction system can generates ultrasonic powermuch higher than that
reached inthebathroom,because inthissystemtherearenoenergy losses inthe
transferofultrasoundsbetweentheprobeandthereactionmixture.Theamountof
energysuppliedtothesystem isdeterminedbythetimeof insonationwhich isan
additionalparametertocontrolthepropertiesofsolͲgel.
Compared with traditional methods of obtaining gels, which may include the
presence of an alcohol as solvent, the first noticeable effect is the considerable
decreaseinthegelificationtime.Thisparameterdecreasesfurtherwhenincreasing
thedoseofultrasoundsapplied to themixture.Whenusing theclassicalmethod,
thedilutionexistingatthebeginningcausesa largedecrease inthedensityofthe
gelduetoexcessiveporosityresultingfromtheremovalofthesolvent.Thiseffectis
notdesirablewhen you requirehighͲdensitymatrices suffering from low volume
contraction.
1.7. Applicationofultrasoundinthesynthesisofgoldnanoparticles.
The major aspect of nanotechnology is the development of synthesis of metal
nanoparticles. In this sense, nanosized particles of noblemetals, especially gold
nanoparticles (AuNPs),havereceivedgreatattentionasaresultoftheirattractive
electronic, optical, and thermal properties, as well as catalytic properties and
potential applications in the fields of physics, chemistry, biology,medicine, and








The synthesisofgoldnanoparticleswithdiameters ranging froma few to several
hundredsofnanometresiswellestablishedinaqueoussolutionaswellasinorganic
solvents.Intypicalsynthesis,goldsaltssuchasAuCl3arereducedbytheadditionof
a reducing agent which leads to the nucleation of Au ions to nanoparticles. In
addition,astabilizingagent isalsorequiredwhich iseitheradsorbedorchemically
bound to the surface of the Au nanoparticles. This stabilizing agent (often also
calledasurfactant) is typicallycharged,so that theequallychargednanoparticles
repeleachothersothattheyarecolloidallystable.Aunanoparticlesprotectedvia
selfͲassembly (in two or three dimensional lattices) are also promising for the
constructionofnanodevicesandnanocircuits[25,26].
Forthemostcommonsynthesisrouteinaqueoussolution,citricacidservesfirstto













to theapplicationofultrasounds (sonocatalysis) in the synthesisofnanoparticles.
Oneofthegoldnanoparticlesusedinthisresearchworkwassynthesizedfollowing






Other synthetic approach for gold nanoparticles employed in thisworkwas the
thermalmethod.
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thoseof thermalprocesses (classical/conventionalmethod). Thermaldegradation
produces cleavage at random points along the chain of inorganic polymers (e.g.
poly(polyorganosiloxanes)andpolyorganosilanes)andvariouspolymersinaqueous




The solͲgel technology finds numerous applications in the field of chemistry:
opticallytransparentmatrices[45,46],electrochromicdevices[47,48],construction
ofcathodes[49,50],supportsforsolidphaseextraction(SPE)[51,52]andliquidand
gas chromatography [53,54]. Applications of this technology in the area of








A solͲgel electrochemical material can be defined as a mixture in which the
inorganicmatrix ismodifiedwith conductivematerial, in order to be used as an
electrode inanelectrochemicalsystem.Wecouldalsoconsidertheexistenceofa








obtainedvia solͲgel in the formof thin films,whichweredevelopedbyLundgren
andMurray [53] in1987.These investigations showeda rapid rise in1994 in the






Hsueh and Collinson [57] produced electrodes with a glassy carbon organically
modified silica coatingwithͲNH2 orͲCOOH and voltammetrically characterized by
findingaremarkablecapacityforionexchangematerials,attributedtoelectrostatic
interactions between the analyte and the acidic or basic function of the
organosilane.ThebiggestadvantagethatorganicallymodifiedsolͲgelmaterialhas
consistsofthecombinationofthepropertiesofinorganiccrystalswiththeintrinsic
properties of organic molecules. Wang et al. [58] extended this possibility by






used many organic modifiers; two of the most recently employed have been
polydimethylsiloxane(PDMS)[59]andtetrapropiortotitanate(TPOT)[60].
Y. Guo and Ana R. Guadalupe [61] developed in 1998 a process for preparing
graphite composite electrode/solͲgel precursormixture appliedwith silk screenͲ
printing techniques.No alcoholic coͲsolvents and catalystswereused,butonly a
wettingsubstancethatperformsthesefunctions.Themanufactureofthemodified
electrodes proceeds in one step by this technique. The reproducibility of results
obtained in theapplicationsof theseelectrodesas sensorsandbiosensors isnot
verygood,maybebecauseofthehomemadeprintdevice.
Intheliterature,examplesofspecificuseofelectrochemicalsensorsandbiosensors
in the field of applied analysis, such as analysis of food, beverages and drinking
watercontrol,showingspecialinterestinspeciesthatestablishpropertiesoffoods









used independently to obtain data from a physical characteristic or particular
structural material or jointly, with the aim of achieving a more complete
characterization. In this case, we can highlight spectroscopy, different types of
electronmicroscopy[66]andthetechniquesofXͲraydiffraction[67],amongothers.
Thecollaborationofvarious researchgroupsat theUniversityofCadiz,Spainhas
resulted in the recent development of a new material and electrodes/sensors,





The usual procedures to synthesize solͲgelmaterials for electrodes involve acid
catalysis, requiring theprecursormixture in thepresenceofanalcoholic solvent,
times of insonation greater than 10minutes (at least) in an ultrasonic bath for
startingthehydrolysis.Thesubsequentevaporationofthesolventcausesamarked
reduction in the volume of material with pore formation, which is completely
undesirableforthepreparationofsolidelectrodes.
Themost recentproposaldone atUniversityofCadiz isquitedifferent from the
manufacturingmethod,andisbasedontheuseofhighͲenergyultrasoundsapplied
directly on precursors. In thisway, ultrasonic cavitation occurs,which promotes
acid hydrolysis in the absence of any additional solvent, yielding a unique phase






The experimental part of this work involves the use of two voltammetric
techniques.Thus, this sectionhasbeen included inorder todescribe thegeneral
foundationsofthevoltammetryandthecharacteristicsofbothtechniques.




electrode asworking electrode, so if theworking electrode is not this, then the
techniqueiscalledvoltammetry.
Thecommoncharacteristicofallvoltammetrictechniques isthatthey involvethe
applicationofapotential (E) toanelectrodeand themonitoringof the resulting




potential isvariedor thecurrent ismonitoredoveraperiodof time (t).Thus,all
voltammetrictechniquescanbedescribedassomefunctionofE,i,andt.Theyare





The various voltammetric techniques showmany analytical advantages:excellent
sensitivitywithaverylargeusefullinearconcentrationrangeforbothinorganicand
organicspecies(10–12to10–1M),alargenumberofusefulsolventsandelectrolytes,
a wide range of temperatures, rapid analysis times (seconds), simultaneous
determinationofseveralanalytes,theabilitytodeterminekineticandmechanistic
parameters,awellͲdeveloped theory,and thus, theability to reasonablyestimate
the values of unknown parameters, and the easewithwhich different potential
waveformscanbegeneratedandsmallcurrentsmeasured.









The electrochemical cell, where the voltammetric experiment is carried out,
















The cyclic voltammetry can be considered an extension of the linear sweep
voltammetry. It is based onmaking theworking potential, (the values oscillating
between two limits from a minimum to a maximum in a given time) to grow












The scanprofile isusuallydefined in termsof the redoxcoupleof interest in the
experiment. The current intensitymeasures are carriedout throughout the cycle
and its representation against the applied potential results in a graph called
voltammogram(figure1.1.).Themeasuresofintensityfortheanodicandcathodic
peaksareusuallycarriedoutbyextrapolatingthebase lineofeachhalfcycle just
before each peak starts to emerge, so that this is themain drawback of cyclic
voltammetry,sincethevaluesofintensityobtainedarenotalwaysreliable.
With regard to the application, it is often the first technique used when an
electrochemicalstudyisintended.Themainreasonisthatthisisprobablythemost









Once found, this redox couple canbe characterizedby thepeakpotentialof the
voltammogram, and the analysis of the possible changes caused by varying the
sweep speedofpotential aswell. It is thereforeusefulwhen studying reversible
electrochemical systems, i.e. those inwhich both redox couple species exchange
electronswiththeelectroderapidly.
Toevaluatetheelectrochemicalbehaviorofadevelopedelectrodeisalsocommon
to startusing the techniquediscussed,because, through it, it ispossible toknow
the electrocatalytic field range that can cover the electrode and the current
intensityornonͲfaradaicchargingthatprovidesmediumelectrolyte(intheabsence
of species). Cyclic voltammetry, alongwith other voltammetric techniques, is an





In general, pulse voltammetric techniques were devised for the purpose of
correctingthedrawbacksofcurrentpolarography.Thefirstoneinbeingdeveloped
wasdifferentialpulsepolarography, and thanks to that, the shortcomings arising
from theuseofmercurydropelectrodeswereovercome.Thus, in this technique
intensitydataareonlyrecordedat theendof thedroplifeand,byapplyingpulse
potential,theintensityismaximized.Equally,whenperformingthistechniquewith
negligible charge current, most of the values found are dismissed. With such




to mercury drop electrodes, but also to solid electrodes and mercury film











potential.The factofapplyingapotential ladder insteadofa ramp isdue to the
adventofdigitalapplicationtoelectrochemicalexperiments,asitisnotpossibleto
generate an ideal ramp of potentials, and therefore to perform a series of
approximationtoproducesmallstepsofpotential.However,thisapproachhasthe
advantageofprovidingsignificant improvements through thissamplingofcurrent
whichisdoneattheendofeachsteporrung,whenFaradaicchargingisnotmissing
(andthereforeitshouldonlybefaradaiccurrent).Valuesofcurrentarerecordedin
twopoints: justbeforeapplying thepotentialpulse (S1)andat theveryendof it
(S2),asshownintheFigure.

When applying a pulsed technique for analytical purposes, the pulse amplitude











Ultraviolet and visible spectroscopy (UVͲvis) is a reliable and accurate analytical
laboratory assessment procedure that allows for the analysis of a substance.
Specifically, ultraviolet and visible spectroscopy measures the absorption,
transmission and emission of ultraviolet and visible lightwavelengths bymatter.
Ultraviolet and visible spectroscopy (UVͲvis spectroscopy) is used to study
moleculesandinorganicionsinsolution.
Ultraviolet and visible light comprise only a small portion of the wide ranging
electromagnetic radiation spectrum. Although lower in frequency and therefore
lower inenergythancosmic,gammaorXͲrays,ultravioletandvisible lightareofa
higher frequency and, therefore of higher energy, than infrared,microwave and
radiowaves.
In the practical sense, spectroscopy measures the absorption, emission, or
scattering of electromagnetic radiation by atoms or molecules. By such
measurements,thetypeoftheatomsormoleculespresentinasample,aswellasa







depends on its electron energy levels, UVͲvis absorption spectra are useful for
identifyingunknownsubstances.





sample.Alternately, the referencebeampasses through the control solventor a
portionofthesolventthatdoesnotcontaintheactualtarget.Oncethelightpasses
through the target sampleof interest it ismeasuredbya specialmeter termeda
spectrometer designed to compare the difference in the transmissions of the
sample and reference beams. Double beam UVͲvisible spectroscopy instruments





Special instrumentation is used in UVͲvis spectroscopy. Hydrogen or deuterium
lights provide the source of light for ultravioletmeasurements. Tungsten lamps
provide the light for visiblemeasurements. These light sources generate light at
specific wavelengths. Deuterium lamps generate light in the UV range (190 to
380nm). TungstenͲhalogen lamps generate light in the visible spectrum (380 to
about800nm).XenonlampswhichcanproducelightintheUVandvisibleportions
ofthespectrumareusedtomeasurebothUVandvisiblespectra.
Thewavelengthsofultravioletorvisible lightabsorbedbyasubstance result ina





This section describes themost important aspects of ElectronMicroscopy (EM),
focusing mainly on Scanning Electron Microscopy (SEM), Transmission Electron
Microscope (TEM)and theXͲrayEnergyDispersiveSpectroscopy (EDS),relating to






Electronmicroscopesweredevelopeddue to the limitationsof lightmicroscopes
which are limited by the physics of light to 500x or 1000xmagnification and a
resolutionof0.2micrometers. In theearly1930's this theoretical limithadbeen






that a focused beam of electrons is used instead of light to ‘see through’ the
specimen.ItwasdevelopedbyMaxKnollandErnstRuskainGermanyin1931.

The first Scanning Electron Microscope (SEM) debuted in 1942 with the first
commercial instruments around 1965. Its late development was due to the
electronics involved in ‘scanning’ the beam of electrons across the sample. An
excellentarticlewasjustpublishedinScanningdetailingthehistoryofSEMs.






1. A stream of electrons is formed (by the electron source) and accelerated
towardthespecimenusingapositiveelectricalpotential.














generate a variety of signals at the surface of solid specimens. The signals that
derive from electronͲsample interactions reveal information about the sample
including external morphology (texture), chemical composition, and crystalline
structureandorientationofmaterialsmakingupthesample.Inmostapplications,
data are collected over a selected area of the surface of the sample, and a 2Ͳ
dimensional image isgeneratedthatdisplaysspatialvariations intheseproperties.
Areasranging fromapproximately1cm to5microns inwidthcanbe imaged ina
scanningmodeusingconventionalSEMtechniques(magnificationrangingfrom20x
toapproximately30,000x;spatial resolution from50 to100nm).TheSEM isalso
capable of performing analyses of selected point locations on the sample; this







when the incident electrons are decelerated in the solid sample. These signals
include secondary electrons (that produce SEM images), backscattered electrons
(BSE),diffractedbackscatteredelectrons (EBSD thatareused todeterminecrystal
structures and orientations ofminerals), photons (characteristic XͲrays that are
used for elemental analysis and continuum XͲrays), visible light, and heat.




samples: secondary electrons are most valuable for showing morphology and
topography on samples and backscattered electrons are most valuable for
illustrating contrasts in composition inmultiphase samples (i.e. for rapid phase
discrimination).XͲraygeneration isproducedby inelasticcollisionsof the incident
electronswithelectrons indiscreteortitals (shells)ofatoms inthesample.Asthe
excitedelectronsreturntolowerenergystates,theyyieldXͲraysthatareofafixed
wavelength (that is related to the difference in energy levels of electrons in
different shells for a given element). Thus, characteristicXͲrays areproduced for
eachelement in a sample that is ‘excited’by theelectronbeam. SEM analysis is
consideredtobe‘nonͲdestructive’;thatis,xͲraysgeneratedbyelectroninteractions





analysis and/or crystalline structure. Precisemeasurement of very small features
and objects down to 50 nm in size is also accomplished using the SEM.
Backscattered electron images can be used for rapid discrimination of phases in
multiphase samples. SEMs equipped with diffracted backscattered electron












































shell it is transferred,aswellas towhichshell it is transferred.Furthermore, the
atomofeveryelementreleasesXͲrayswithuniqueamountsofenergyduringthe
transferringprocess.Thus,bymeasuringtheamountsofenergypresent intheXͲ




just aplotofhow frequently anXͲray is received foreachenergy level.An EDX
spectrumnormallydisplayspeakscorrespondingtotheenergylevelsforwhichthe
mostXͲrayshadbeenreceived.Eachoneofthesepeaksisuniquetoanatom,and











in theLͲshellgoingdown to theKͲshell is identifiedasaKͲAlphapeak.Thepeak







TransmissionElectronMicroscopy isused to identify imperfections in theatomicͲ
levelstructureofmaterialsbytheanalysisofmicroscopicsurfaces.Averythinslice
ofthematerialtobetestedisexposedtoabeamofelectrons.Whentheelectrons
interact with consistent material structure, a constant fraction of electrons is
transmittedback fromthesampletoadetector.Onceastructural imperfection is
encountered,thefractionoftransmittedelectronschanges.
Two common methods of TEM microstructural imaging reveal important
information about the material being tested. Diffraction contrast is useful in
identifyinglargestructuresandcrystallographicfeatures.Phasecontrastisusedfor
highmagnificationimagingofatomiccolumns.
ScannedTransmissionElectronMicroscopy (STEM) isuseful for identifying crystal





preferred orientation information, and the determination of crystal lattice
constants. Electron diffraction is an important tool employed in crystal defect
identification.EELS(ElectronEnergyͲLossSpectroscopy)utilizeselectronsthathave







This introduction has addressed the subject of the general procedure for solͲgel
synthesisandfoundationofthetechniquebrieflyandsimplytomakeasummaryof
theoriginsandrecentdevelopments.Ithasalsomadereferencetothetheoretical
introduction of the analytical techniques used in the development of this
experimentalwork.
Fromthereadingofthis introduction, it iseasytounderstandthatthecouplingof














BIOHIT (10Ͳ100 ʅL, 20Ͳ200 ʅL and 200Ͳ1000 ʅL) automatic adjustable
pipetteswereusedforadditionsofsolutions inthemeasuringcell;totake
thenecessaryquantitiesofprecursors inthemanufactureofsonosols,and
to prepare buffer solutions, 5 ʅL microsyringe was also employed for
additions of solutions in the measuring cell and incorporation of
nanoparticlesontheSonogelelectrodesurface.





 To establish electrical contact between electrodes and the potenciostat
/galvanostat,weusedcopperwiresofdiameter0.5mm.



















Hydrochloricacid 32% MERCK 
Methyltrimethoxysilane p.s. MERCK 




Pottasiumdihydrogenorthophosphate 99.5% Fluka 
































































JEOL JEMͲ2011 (Jeol, Tokyo, Japan) microscope, operating at 200 KV,









200 (FEICompany,Hillsboro,Oregon,USA), normally operating at 20 keV








 The voltammetric measures were made on a potentiostat/galvanostat
Autolab®PGSTAT20ofEcochemieconnectedtoapersonalcomputeranda
663 MetrohmVAStandmodule.ThismoduleoffersTeflonplatformwith
threeholes inwhich theworkingelectrode, referenceelectrode (Ag/AgCl)
andauxiliaryelectrode(counterelectrode)(platinumrod)are inserted.The
computercontrolstheoperationcarriedoutinthemodulebyGPES(General





 The agitation of the solutions was carried out using a magnetic stirrer
SelectaAgimaticͲE.
 The various substancesusedwereweighedon aMettlerAE420 analytical
balancemodelof two fields (40gr.,detectionup to0.01mg,and200gr.,
detectionupto0.1mg).
 MilliͲQsystem(Millipore,Bedford,MA)witharesistanceof18MёͼcmͲ1,was























vigorous stirring on amagnetic stirring hotͲplate. Then 2mL ofNa3C6H5O7.2H2O
38.8mMwasaddedtothesolutionimmediately,withvigorousstirring.Theyellow
















in a glass container (5.5 cm high and 1.7 cm in diameter) and the following
precursorsareaddedintheordergiven:50ʅLofHClsolutionconcentration0.2M
necessaryand250 ʅLofMTMOS.Then, the container isplacedunder theprobe
transducer,asshowninFigure2.1,andinsonationiscarriedoutforfiveseconds.A


































Prior to the deposition of gold nanoparticles on the electrodes, these were
electrochemicallypreͲtreated.Theelectrodeswerepolarised insulphuricacid0.05





The requiredamount (3ʅLor5ʅL,dependingon thecase)ofgoldnanoparticles
prepared as described above from the two syntheses, were deposited on the
electrodessurfaceoftheappropriateSonogelͲCarbonelectrodesandallowedtodry
at room temperature in darkness for 24 hours or more. After the drying, the

















[77,78]. Thus, in our case, the formation of gold nanoparticleswas followed by
measuringtheabsorptionofthesolutioncontaininggoldnanoparticlesintherange

















exhibit ruby red colour and give rise to an absorption band at 510Ͳ540 nm. The
colloidal Au produced is red owing to the absorption of light by free electron
oscillations(thesurfaceplasmon).

On one hand, gold nanoparticles synthesized via ultrasonicmethod, apart from
being stable formore thanonemonth, alsowerewelldispersed in solution and
withminimalaggregation.Inthiswaybyemployingasimpleandonestepreaction
inthepresenceofsodiumcitratewecouldsynthesizegoldnanoparticleswithmore
thanonemonth stability,promising itsapplication in related fields.On theother
hand,Aunanoparticlesfromsynthesis1showhigherabsorptionpeaksthanthose
fromsynthesis2atthesamewavelength (525nm).Thismaybeduetothe lower





the spectra corresponding to the resonance scattering, which results from the
surface plasmon resonance effect increaseswith the particle size [80]. Thus, the
smallerthesize,thelowertheintensityofthebandsinthespectra.

The gold nanoparticles synthesized are easy of depositing onto the desired solid
surface.The importanceof themethodsdescribed in section2.2, is that thegold
nanoparticles are quite stable in solution andwere synthesized by reactionwith





The electrochemical characterization of the SonogelͲCarbon electrodeswith and
without gold nanoparticles were conducted with the techniques of cyclic
voltammetry(CV)anddifferentialpulsevoltammetry(DPV).Inordertodothat,five
electrodes with different configurations were tested: a bare SonogelͲCarbon

























276mV,which isattributed to theoxidation/reductionprocessof iron (Fe) in the



























system. Therewas no redox peak in the absence of K4Fe(CN)6.As expected, the
intensity values of the peaks increased when increasing the scan rate in the
presenceoftheanalyte.ThismaybeprobablyduetotherateofK4Fe(CN)6molecule
diffussion into theAuNPsͲmodifiedSonogelͲCarbonelectrode: thehigher thescan
rate,thehigherthecurrentpeak.




Regarding theelectrochemicalmechanism that takesplaceon the surfaceof the
electrode, the plots of anodic and cathodic peak currents as a function of the
square root of the scan rate (Figure 3.4) show that both parameters were
proportional at the scan rates studied (10Ͳ100 mVͼsͲ1) with determination









y = 0.0000001581x + 0.0000000069
R2 = 0.9998241853
























analyte. However,while for the first one the processwas irreversible and very
complicated, forthesecondonetheresultswerenottheexpectedones,because
the mechanism should have corresponded to a reversible process and the
experimentalresultsshowedthatitwasirreversible.Deepstudiesmustbedonein
bothaspectsforfuturework.
With respect to themodificationof theelectrode, asobserved in Figure3.5, the
peak intensity is higher for the SonogelͲCarbon electrode modified with gold
nanoparticlesthanforthebareSonogelͲCarbonelectrode.This isduetothemore
electroactivesurfaceoftheAuNPsͲmodifiedSonogelͲCarbonelectrodecomparedto
the unmodified electrode. The presence of AuNPs on the electrode surface



























electrodewas higher than that for the same type of electrode butwith 3 ʅL of
AuNPsdeposited insteadof5,asFigures3.6shows.This isobviouslyowing toan
























different scan rates (10, 25, 50, 75 and 100 mV•sͲ1), corresponding to a
AuNPs(SN1Ͳ3 ʅL)Ͳmodified SonogelͲCarbon electrode (red) and a AuNPs(SN1Ͳ5
ʅL)ͲmodifiedSonogelͲCarbon.

Finally,when comparing two electrodes at the same configuration butmodified
with AuNPs obtained from different synthetic routes, the results are as follows.
From Figure 3.7, the peak intensity of the AuNPs(SN2)Ͳmodified SonogelͲCarbon
electrode seems lower than the intensity of the AuNPs(SN1)Ͳmodified SonogelͲ
Carbon electrode. This resultwould indicate that electrodesmodifiedwith gold
nanoparticlesbuiltwiththeclassical(thermal)methodofsynthesis,performsbetter
than electrodes modified with AuNPs obtained by the ultrasonic synthesis.
However,ifwehavealooktothepeakintensityvaluesmeasuredfromtheCVplots
(Table3.2.),theresultsaredifferent:thepeakintensitiesareverysimilarinthetwo
cases. This indicates that the performance of both types of electrodes is







Table 3.2.: Peak intensity values for the anodic and the cathodic scans
corresponding toaAuNPs(SN2Ͳ5 ʅL)Ͳmodified SonogelͲCarbon (SNGC)electrode
andaAuNPs(SN1Ͳ5ʅL)ͲmodifiedSonogelͲCarbonelectrode.
AuNPs(SN2Ͳ5ʅL)ͲmodifiedSNGCelectrode AuNPs(SN1Ͳ5ʅL)ͲmodifiedSNGCelectrode
Ia(A) Ic(A) Ia(A) Ic(A)
4.91EͲ07 Ͳ4.99EͲ07 4.97EͲ07 Ͳ4.92EͲ07
7.34EͲ07 Ͳ7.78EͲ07 7.76EͲ07 Ͳ7.71EͲ07
1.02EͲ06 Ͳ1.11EͲ06 1.06EͲ06 Ͳ1.06EͲ06
1.24EͲ06 Ͳ1.36EͲ06 1.24EͲ06 Ͳ1.25EͲ06


















different scan rates (10, 25, 50, 75 and 100 mV•sͲ1), corresponding to a









Relating these results to the synthetic routes, the application of ultrasounds
produces nanostructured materials with catalytic activity similar to that
correspondingtonanoparticlessynthesizedbythecommonandclassicalmethod. 
To finish with the CV studies, some questions concerning the capacity of the
electrodes should be stated. This parameter gives an idea about the amount of
chargethat isstored intheelectrodeatagivenpotentialvalue. Itcorrespondsto
thenonͲfaradaiccurrent, i.e. theamountof charge that isnotused tooxidizeor
reduceanelectroactivespecies.Toevaluatethebehaviourofourelectrodes,cyclic
voltammogramswerecarriedout inphosphatebuffersolution0.2MatpH6.9. In
our study we have calculated the corresponding values of the experimental
observed capacity and the doubleͲlayer capacity (Table 3.3). The difference
betweenthem is inthe formofcalculation:ononehandtheobservedcapacity is
definedasCobs=i/ʆ,whereiistheaverageanodicandcathodiccurrentdensityand
ʆisthescanrate(100mVͼsͲ1);ontheotherhand,thedoubleͲlayercapacityconsists
of the slope of the regression line obtained when representing the average
(absolute)valuesoftheanodicandcathodiccurrentdensitiesatdifferentscanrates
versus the scan rate values (Figure 3.8). In both cases, those parts of the


















As observed in Table 3.3, the lower value for the capacities corresponds to the
unmodified SNGC electrode, as expected, since this parameter increases their
valuesbecauseofthepresenceofchemicalspecies(modifiers)onthesurfaceofthe
electrodes, gold nanoparticles in our case. The Cobs value for the unmodified
electrode shows perfect correspondence with previously published results [85].
WhendepositingnanoparticlesonthesurfaceoftheSonogelͲCarbonelectrodesthe
capacityvaluesincrease:thehighertheamountofAunanoparticles,thegreaterthe
capacity values, that is coherent.However, it seems thatwhenmodifying SNGC
electrodeswithAunanoparticles from synthesis 2, the capacity values aremuch
lower than when using Au nanoparticles from synthesis 1. This means that a
AuNPs(SN2)Ͳmodified SNGC electrode stores much less amount of charge, and









































Pulse voltammetry techniques have been established to be very sensitive in the
detectionofmicromolar amountsof ascorbic acid (AA) [86,87].Thus,Differential
Pulse Voltammetry (DPV) has been used to evaluate and demonstrate the good
electrochemical performance of our devices when determining this analyte,
selectedatthebeginningasabenchmark.
Firstof all, theeffectsof theDPVparameterson the responseof theelectrodes
have been studied by means of three factors and three level BoxͲBehnken
experimentaldesign [88].These investigationsallowedus to individuate the scan
parameters leading tooptimal sensitivityof thedevice.Theexperimentaldomain
studied isdescribedby thequotedBoxͲBehnkenexperimentaldesign (see Figure





























1 0 Ͳ1 Ͳ1 6.83 35.00 1.61 8.70
2 0 1 Ͳ1 8.71 41.48 2.05 10.78
3 0 Ͳ1 1 86.88 434.38 20.15 106.03
4 0 1 1 109.90 499.55 26.09 130.43
5 1 Ͳ1 0 40.34 218.03 9.43 55.46
6 1 1 0 50.06 238.38 11.96 64.62
7 Ͳ1 Ͳ1 0 46.61 233.03 10.97 57.71
8 Ͳ1 1 0 58.45 265.66 13.97 66.52
9 1 0 Ͳ1 8.22 43.24 1.88 11.05
10 1 0 1 102.95 514.75 24.49 136.06
11 Ͳ1 0 Ͳ1 9.55 47.73 2.32 13.24
12 Ͳ1 0 1 106.15 505.48 25.18 119.88
13 0 0 0 49.78 248.88 11.85 65.83

IT: -1 = 0.2; 0 = 0.4; 1 = 0.6 s 
SP: -1 = 4; 0 = 8; 1 = 16 mV 











bothparameterswasalso significant. Inall cases, the influenceofSP,MA
andSP*MAonthefunctionIwas linear.Anexampleofaregressionmodel
attheconcentrationofAAequalto0.5Mis:
MA*SP·.MA·.SP·..I 285557246809577549  
The goodness of themodel is represented by r2 = 0.9985 and radjusted =
0.9940,whatmeans a very good fitting. As it can be observed, the DPV
parameter that influences more when optimizing I is the modulation
amplitude,whichpossessesthehighestregressioncoefficientinthemodel.
x Optimizing I/W:whenoptimizing thisother function,ANOVAdemonstrate
that there is only one significant parameter: MA, for both AA




From thisdiscussion, combinationsofDPVparameters corresponding topoints4
and10(Table3.4)gavethehighestIandI/Wvalues,whichwerealmostsimilarfor
both optimized functions. However, the combination of parameters for point
number4waschosenastheoptimalonebecausepossessedthehighestMAandSP
values,whichweresignificantparametersaccording toANOVA.Thus, theoptimal
combination of DPV parameters was: IT = 0.4 s, (the medium level of the
parameter),SP=16mVandMA=100mV.Therefore,thiscombinationwaschosen
forfurtherstudies.
In second place and once determined the optimal conditions for the DPV
measurements,thenextstepconsistedofobtainingcalibrationcurvesforAAatthe







Together with the determination coefficient that give us an idea about the
goodnessoftheregressionmodel,specialattentionwasalsopaidtothe
slopeoftheregressionlines,whichrepresentsthesensitivity(measuredinA/M)of
the sensor for this analyte. The calibration curves were obtained for an AA
concentrationrangefrom1.5×10Ͳ6Mto4.0×10Ͳ3M.Foreachcalibrationcurve,
18 points at different AA concentrations within this range (three orders of






















Figure 3.10: Calibration curve forAA using anAuNPs(SN1Ͳ5 ʅL)Ͳmodified SNGC
electrode.
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The performances of the AuNPs(3 µL)Ͳmodified SonogelͲCarbon electrodes are
similar.However,whendepositingthe5µLoftheAucolloidalsolution,theresults
areratherdifferent,givingtheAuNPs(SN1Ͳ5µL)ͲmodifiedSNGCelectrode,thebest
sensitivity. However, it is necessary to remember that this electrode at this
configurationshowedthehighestcapacityvalueswhenmeasuringK4Fe(CN)6.Thus,
ifoneelectrodeatcertainconfigurationtodetermineAAorotheranalyteiswanted
tobeproposed, it isnecessary toachievea compromisebetween sensitivityand
capacity.
In thirdplace,reproducibilityandrepeatabilitystudiesweredevelopedaswell. In
the case of the reproducibility studies, several calibration curves for AA were




















curves corresponding to three different electrodes for each one of the
configurations.Nevertheless, regarding the coefficient of variation for the slope,
although the results are good in general, excepting perhaps for the first two
electrodes, the best results are obtained for the AuNPs(SN2)Ͳmodified SNGC
electrodes.Inotherwords,thereproducibilityisremarkablegoodinthiscase.This
meansthat:





very difficult for modified composite electrodes: a) the SonogelͲCarbon
material,andb)thedepositionofgoldnanoparticles.
3. When trying to propose one configuration for the SNGC electrodes to














Table3.7:Resultsobtained for the repeatability studiesbyusing independently

















Finally, somecomments regarding thedetectionandquantification limits (LDand
LQ, respectively) for the electrodes tested at different configurations should be


























Perhaps to get a very low detection limit for ascorbic acid (vitamin C) is not so













electronmicroscopy (TEM). As in the electrochemical studies, the configurations
testedfortheelectrodeswere:abareSonogelͲCarbonelectrode,twoAuNPs(SN1)Ͳ









the optical microscopic images of the electrode surface after being used. The
presenceofgoldnanoparticlesandgraphiteparticlesinthematrixisevident.
As observed from the photographs, golden colour in A) and B) indicates the
presenceofgoldnanoparticlesandblackcolourrepresentsgraphite.Thebordersof





























and at the same time, as itwasmentioned in the experimental section.As SEM
studieswere carriedout at low vacuum, itwasnotnecessary aprevious stepof
coatingthesampleswithgold.Themicrographsweretakenat20kVinallcasesand
atdifferentmagnifications:90x,160xand600x.Highermagnificationswereusedto













When comparingwith the electrodenotused, the same low volume contraction
anderosion isobserved. Fissureswith certaindirectionality appear aswell,what
confirms that they have been originated during the polished step. The smaller
numberofholesandfissuresthatappearherewithrespecttotheelectrodeused,

























When increasing themagnification, a great number of particles, in the form of
aggregatesappearonthesensorsurface,whichcorrespondstogoldnanoparticles
(from synthesis 1 in this case). The presence of Au is corroborated by the EDS
spectrum:onepeakrelatedtotheKͲalphaat2.0eVandtwopeaksfortheKͲbeta
at 10.0 and 12.0 eV, respectively. The intensity of these peaks increase
dramaticallywhenfocusingtheelectronbeamontheparticles.
The same comments done previously regarding the erosion and the volume
contractioncanbedonehere.Someholesandfissurescontinueappearingdueto
the electrochemical polarisation of the electrode. Remember that during this
procedure,theelectrode isput intoaH2SO40.05Msolution(pH1). Inprevious
studies, it was observed that very acid pH values caused great erosion on the
SonogelͲCarbon electrode surface. At higher magnifications several types of
particles can be detected: some of them similar to those found in the electrode
usedandothersshowingshapessimilartoa‘bacteria’.Inbothcases,andthanksto
theEDSspectra,Au is foundtheretogetherwithNa,KandCl.Clcomes fromthe
Sonogel synthesis (acid catalyst), K from the buffer used to clean the electrode
surfaceafter thepolarisationandNa from theAucolloidalsolution (reducingand





















electrodes than forAuNPs(3ʅL)ͲmodifiedSNGCelectrodes,what iscoherent.The
crystallineformsthatappearonthesurfaceoftheelectrodenotusedseemtobe
NaClandKClcrystalssurroundedbyAuNPs,according to theEDSspectrumwhen










type of electrode: one used (Figure 3.16 A) and other not used (Figure 3.16 B).
Theseelectrodeshavebeenmodifiedwith goldnanoparticles synthesizedby the
ultrasonicmethod(SN2)andnotbythethermalmethod(SN1) like inthe lasttwo





(the most commonly used), a backscattered electron detector was employed.
Hence, it is easier to identify different phases based on qualitative chemical
analysis,especiallywhenthereismuchdifferenceintheatomicnumber,i.e.SNGC
matrixandgoldnanoparticles.
According to this, from the Figure 3.16 A, it is very simple to distinguish gold
nanoparticlesfromtheSNGCmatrixandhowthosecoattheelectrodesurface.The
presenceoftheAuNPsisalsocorroboratedbytheEDSspetrum.Themicroanalysis
technique also gives information about some impurities: Cl, K, P andNa coming
from theSNGCsynthesis, thebufferand theAucolloidalsolution.Theelectrodes
offer the same aspect regarding the erosion problem aswell. In the case of the
electrode not used, it has been necessary to use a very highermagnification to
observe the goldnanoparticles; that iswhy the imageof themicrograph is abit


















the surfaceappears coveredbya thin filmof thephosphatebuffer solution.The
EDS spectrum offers a very intense KͲalpha band for Au, as well as the
correspondingonestoNaandK.Owingtothepresenceofthisfilm,erosiononthe
electrodesurface isnotable tobedetected.When lookingat themicrographsof
the electrode not used, the situation is the same; however, here it is easier to
detectstarͲshapedcrystalsalsocorresponding to thebuffer.Thanks to theuseof
thebackscattereddetectorandtheabsenceofthethinfilmofbuffer,theexistence



















throughout this researchwork, the goldnanoparticles remain attached to
the electrode surface even after many measurements and without the
presenceofsomeprotectiveagentormembrane.






applying a sequence of the different procedures to which each electrodes is
subjected.Thenormalsequencewouldbe:i)polishing;ii)polarizationinH2SO40.05
M(5cycles);iii)depositionoftherequiredvolumeoftheAucolloidalsolution(3or





3. Bare SonogelͲCarbon electrode polished, polarised, coated with 5 ʅL of
AuNPsfromsynthesis1,andused.
4. Bare SonogelͲCarbon electrode polished, polarised, coated with 5 ʅL of
AuNPsfromsynthesis1,andnotused.
5. Bare SonogelͲCarbon electrode polished, polarised, coated with 5 ʅL of
AuNPsfromsynthesis2,andused.











here it is intended to establish the effect of the electrochemical polarisation in
H2SO40.05Montheelectrodesurface.Asitcanbeextractedfromthefigures,after
polarising theelectrode,erosionoccursandholesand fissuresappear;hence the
active surface of the electrode increases, what justifies the results previously
discussed.Moreover,there isalsosomeseparationbetweenthematerialandthe


















the backscattered detector has been employed (second images); that iswhy the
presenceofgoldnanoparticlesontheelectrodesurface iseasilyevidenced (white
brilliantaggregates).EDSspectracorroboratesthepresenceofAuinbothcases,as
wellas some impuritiesofNaandCl in the formof crystals, thathave the same
originasdiscussedpreviouslyandthatappearfundamentallyonthesurfaceofthe
electrode not used. Furthermore, this electrode seems to show more gold
nanoparticles on its surface, what indicates that after the use, some gold







Figure 3.19: SEMmicrographs and the EDS spectra corresponding to the bare











crystals from the buffer in the electrode not used; and the existence of a great




its surface than the electrode used,which present the typical composition of a
1Figure 3.20: SEMmicrographs and the EDS spectra corresponding to the bare


















































The research study also includes the first attempts for the application of the
amperometric sensorsdeveloped throughout this researchwork to real samples.












strategies: i) calibration curve and ii) the standard additionmethod in order to
preventanymatrixeffect.
With respect to the first strategy, the resultswere not good. The best recovery
percentageswere obtained for AuNPs(SN2)Ͳmodified SonogelͲCarbon electrodes:
from75to78%.Themainreasonsforthatcanbegivenasfollows:
x Excessiveuseoftheelectrodes.


































times, theresultsarenot theexpectedones.Thatstressmayhave lead to loss in
sensitivity.






















In this researchwork,newamperometric sensorsweredeveloped.Thesedevices
weremodifiedwith the incorporationof gold nanoparticlesproduceddirectlyby
simple reductionofAu(lll)with sodium citrate,which controlled theparticle size.
UVͲVisible spectroscopy was used to study the time stability of these gold




Voltammetry (CV) andDifferential Pulse Voltammetry (DPV). Cyclic voltammetric
results shows that the redox peak currents of all SonogelͲCarbon electrodes
studied, increased linearly with the square root of scan rate indicating that
electrochemicalreactionsarecontrolledbydiffusionprocess.Thereversiblenature
oftheprocesswasevidentfromtheanalysisofCVdataofalltheSonogelͲCarbon
electrodes. The Cobs value for the unmodified electrode shows perfect
correspondence with previously published results. The presence of gold
nanoparticles in theelectrode surface increases the capacityvalues,asexpected;
thehighertheamountofAuNPsontheelectrodesurface,thehigherthecapacity
values as well. Moreover, the modification of the electrode surface with gold
nanoparticles increases thenumberofelectroactive sites,andhence, the current
peakoftheanalytesmeasured.
DifferentialPulseVoltammetry (DPV)wasused to evaluate anddemonstrate the
goodelectrochemicalperformanceofourdeviceswhendeterminingascorbicacid;
theeffectsoftheDPVparametersontheresponseoftheelectrodeswasstudiedby
means of three factors and three level BoxͲBehnken experimental design. The
optimization of DPV parameters required for maximizing the sensitivity of the
devices was presented. Furthermore, the modified SonogelͲCarbon electrodes







Finally, regarding the structural characterization, themorphology of the AuNPsͲ



















SonogelͲCarbon electrodes can be applied successfully as amperometric sensor











In futureworkmany investigations shouldbeaccomplishedclosely related to the
presentresearchwork:
1. To improve themodification of the amperometric devices by coating the
electrodesurfacewithsomepolymericmaterialssuchaspolyethyleneglycol




employed in this work in order to test the performance of the
electrochemicaldevice.
3. TotesttheperformanceofSonogelͲCarbonelectrodesmodifiedduringtheir
synthesiswithgoldnanoparticles, i.e.,to inserttheAuNPs intotheSonogel
matrixinsteadofdepositingthemonitssurface.
4. To enhance the electrochemical characterisation by studying the
mechanisms corresponding to other analytes (AA and Hexamine
trichlororuthenium(lll))incyclicvoltammetry.
5. To use these devices to determine other kinds of analytes such as
environmentalpollutants(Chlorophenols)orPolyphenols,amongothers.
6. Toimprovethestructuralcharacterisationbyusingothertechniquessuchas
Atomic Force Microscopy (AFM), Scanning Electrochemical Microscopy
(SECM),amongothers.
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